Recent rapid improvements of micro/nanofabrication techniques have allowed us to
INTRODUCTION
The wetting behavior of surfaces, the result of the interplay between liquid and surface chemistry and roughness, is such an influential area that much research has been devoted to it in the past decades (Bonn et al., 2009; Herminghaus et al., 2008) . Understanding and controlling the wetting phenomena are significant in both fundamental research and industrial applications. As is well known, the modification of surface chemistry is one of the most effective ways to control the wetting behavior of surfaces (Genzer and Bhat, 2008; Morgenthaler et al., 2008) . However, such surface chemistry modification can have some limitations, e.g., the choice of chemical species and their biochemical compatibility (Hong et al., 2007) . The effect of surface roughness or its microgeometry on wetting has received much attention in the past (Chen et al., 2005; Cheng et al., 2010; Lai et al., 2009; Sandre et al., 1999; Shastry et al., 2006; Su et al., 2010; Zhao et al., 2007; Zhu et al., 2006) . Particularly, the advantage of flexible manipulation of surface microgeometries allows nature to develop various special wetting properties, e.g., the selfcleaning property Neinhuis and Barthlott, 1997) of some plants' leaves (Koch et al., 2008 (Koch et al., , 2009 ) and animals' wings (Lee et al., 2004; Zheng et al., 2007) , the super-floating ability of the water-strider (Feng et al., 2007; Gao and Jiang, 2004; Hu et al., 2003) , the antifogging property of mosquito compound eyes , and the watercollection ability of spider silk (Zheng et al., 2010) and desert beetles (Garrod et al., 2007; Parker and Lawrence, 2001; Zhai et al., 2006) , etc. Moreover, with the development of micro/nanofabrication technologies, various surface microgeometries preparations have been proposed to control surface wettability (Roach et al., 2008; Zhang et al., 2008) . the real local solid-liquid and whiteblight confocal contact fraction microscopy, respectively f a local area fraction of the liquid S and P the microgeometrical scale and in contact with the solid edge length density, respectively
The apparent contact angle (CA, the angle at which a liquid/vapor interface meets a solid surface) on rough surfaces correlated with roughness (r) or solid-liquid contact area fraction (f a ) was well formulated more than 60 years ago (Cassie and Baxter, 1944; Wenzel, 1936) , i.e., the classical Wenzel and Cassie equations. It has been widely used to characterize the surface drop repellency (Pierce et al., 2008) , especially for superhydrophobic surfaces (SHS) studied in recent years Neinhuis and Barthlott, 1997) . However, these equations may be inadequate to comprehend another important SHS property, i.e., the drop mobility (Pierce et al., 2008) related to contact angle hysteresis (CAH, the difference between advancing or maximum and receding or minimum contact angles), since r or f a represents a composite measure of all surface texture parameters, and the apparent CA obtained from Wenzel or Cassie equation only represents the equilibrium or minimum-energy state (Dorrer and Ruehe, 2009; Johnson and Dettre, 1964; Li and Amirfazli, 2005) . Thus it is insufficient to gain a complete understanding on the superhydrophobic wetting behavior. On different microtextured surfaces, even for the same r and f a values, completely different drop mobility can be observed (Dorrer and Ruehe, 2006; Oner and McCarthy, 2000) . Also, the validity of the Wenzel and Cassie equations has been intensively debated (Gao and McCarthy, 2007; McHale, 2007; Nosonovsky, 2007; Panchagnula and Vedantam, 2007) Different microgeometry distributions may affect the definition of r and f a resulting in a misuse of the Wenzel and Cassie equations to calculate the CA values (Milne and Amirfazli, 2012) Therefore, the role of surface microgeometry in wetting cannot be fully understood by r and f a and it is necessary to investigate the effect of other microgeometrical parameters that can affect the wetting results.
One of the most important effects of microgeometries is the sharp-edge effect (Berthier et al., 2009; Fang and Amirfazli, 2012; Kalinin et al., 2009; Oliver et al., 1977; Sheng et al., 2009) which is believed to be one of the main factors for affecting the contact angle hysteresis. Such effect can be responsible for the pinning of the drop contact line (DCL, along the drop perimeter) at an edge of a surface microstructure. Gibbs (1906) first proposed the inequality condition for a liquid DCL at a sharp solid edge based on a geometrical treatment. Later, wetting behaviors related to pinning of DCL have been widely explained by Gibbs' principle (Extrand and Moon, 2008; Kurogi et al., 2008; Ondarcuhu and Piednoir, 2005; Wang and Chen, 2008) . In particular, recent research (Ahuja et al., 2008; Cao et al., 2007; Fang and Amirfazli, 2012; Marmur, 2008; Tuteja et al., 2007; Wang et al., 2009) has demonstrated that by employing the reentrant edge shapes, liquid could be inhibited from spilling over the edge and drops can be suspended on top of the microstructures. The result indicates that superhydrophobicity/superoleophobicity could be realized even for a liquid with low surface tension. Nevertheless, the pinning of DCL at the edge of surface microgeometries for SHS is still not fully understood. For example, advancing and receding DCL may have a different pinning behavior at the edge, leading to different advancing and receding CAs as well as drop mobility. Further study of the pinning of DCL at a microgeometrical edge is required.
In addition to the edge effect, the different microgeometrical shape and scale (i.e., different microgeometrical size) may also influence the wetting behavior, particularly for SHS. Oner and McCarthy (2000) studied the hydrophobicity of microtextured surfaces with posts of different sizes, shapes, and separations. They claimed that the increase of post distance and the change of post shapes (from square to indented square) may decrease the contact length and increase the tortuosity of DCL. This causes the increase of receding contact angles. However, they failed to keep the other surface parameters (e.g., the Cassie's fraction) constant while the post shapes were changed, leading to a confusion of effects for different factors. Youngblood and McCarthy (1999) and Yoshimitsu et al. (2002) have attributed the effects of microgeometrical shape and scale to changing the shape of the DCL on SHS. Later, Dorrer and Ruehe (2006) also discussed the influence of the distribution of the square posts on the DCL shape and then the contact angles. Though the above studies have attributed the effects of microgeometrical shape and scale to changing the shape of the DCL, there is still a lack of detailed explanations. Recently, Yeo et al. (2010) and Lv and Hao (2012) have investigated the effects of microgeometrical shape and scale, respectively. Yeo et al. (2010) found that for surfaces with the same value of roughness, the largest apparent CA is seen for the micropillars that have the smallest cross section (or total top surface area). However, similar to Oner and McCarthy (2000) , they also did not keep the Cassie's fraction constant for the surfaces examined for when drops were in the composite state. Lv and Hao (2012) have experimentally demonstrated that the dynamic CAs can increase with decreasing the scale of the microgeometries while keeping the Cassie's fraction constant. Their experiments were carried out on a scale-gradient microstructured surface, and an asymmetric drop was considered. As a result, there is still a need for systematic study of the effects of microgeometrical scale for drop wetting on uniformly patterned surfaces.
In this report, patterned surfaces with different microgeometries, i.e., square, triangle and circle post arrays, have been fabricated by microfabrication techniques. With controlling the solid area fraction and microgeometrical scale, various surface wetting behaviors have been investigated Several important surface microgeometrical effects, e.g., scale effect, edge and corner pinning effect, geometrical shape effect, direction-dependent effect, will be discussed. By applying some simplified models, the mechanisms responsible for those effects can be understood.
THEORETICAL BASIS

Equilibrium CAs
The thermodynamic equilibrium CA of a liquid drop on an ideal smooth solid surface can be predicted by Young's equation:
where γ la , γ sa , and γ ls are interfacial tension at liquid-air, solid-air, and liquid-solid interfaces, respectively. Classically, two wetting states may occur if a drop is deposited on a rough surface: the noncomposite, i.e., complete liquid penetration into the troughs of a rough surface; and the composite, i.e., entrapment of air in the troughs of a rough surface. The apparent equilibrium CA of the noncomposite is given by Wenzel's equation:
where r is the roughness factor as the ratio between the actual surface area and the projected area for a wetted surface. On the other hand, the apparent equilibrium CA of the composite, θ C , can be calculated using the Cassie's equation:
where f 1 and f 2 are the fractions of the solid-liquid and liquid-air interfaces with equilibrium contact angles θ 1 and θ 2 respectively. The contact angle of liquid on solid-liquid contact part, θ 1 , is equal to the Young's CA (θ Y ), and liquid-air contact part, θ 2 , is equal to 180 • (the CA for liquid with entrapped air). As such, the Cassie's equation for surfaces with flat top features (Milne and Amirfazli, 2012) can be written
where f is the solid-liquid contact fraction of the substrate. Based on the debate of the validity of the Wenzel's and Cassie's equations (Gao and McCarthy, 2007; McHale, 2007; Nosonovsky, 2007; Panchagnula and Vedantam, 2007) McHale (2007) and Nosonovsky (2007) indicated that the Cassie equation can be generalized as
The local Cassie's fractions, f 1 (x, y) and f 2 (x, y) of the two components that compose the heterogeneous surface should be taken as the functions of x and y in the region of the DCL. Although a very high roughness factor in Eq. (2) can induce a high apparent contact angle and thus high drop repellency, low drop mobility or high contact angle hysteresis has been observed and demonstrated for Wenzel's or the noncomposite state. As a result, the current superhydrophobic state is commonly referred to as Cassie's or the composite state, which will be the main subject discussed in this report.
Advancing and Receding CAs for Composite State
Drops on SHS may be prevented from reaching the free energy minimum states described by Eqs. (2) and (4) by multiple (Li and Amirfazli, 2005) . Consequently, contact angle hysteresis or advancing and receding CAs arise. Up to now, a quantitative prediction of advancing and receding CAs for the composite state is still confusing (Dorrer and Ruehe, 2009) .
The basis of the Cassie equation is the surface energy minimization principle. From a different perspective, nonetheless, the apparent equilibrium CA from the Cassie equation (3) may also be viewed as the result of averaging the local equilibrium contact angle at the DCL by its length (Nosonovsky, 2007) . Similarly, the apparent receding and advancing CAs can also be considered to be the result of averaging the local receding and advancing CAs along the DCL, which is given in a form analogous to Eq. (3) as
where θ r and θ a are the apparent receding and advancing CAs, respectively; θ s,rec and θ s,adv are the local receding and advancing CAs at the solid-liquid contact part, respectively; θ air is the local contact angle of the free surface between air and liquid (receding and advancing CAs equal to 180 • in air); f real is the real local solid-liquid contact fraction in the region of DCL. Equations (6) and (7) are very similar to the formulas proposed by Extrand (2002) but cosθ is applied rather than θ when interfacial energies are considered. In order to figure out the values of f real , θ s,rec and θ s,adv , we take the regularly patterned surface with square post arrays for example. Schematic top views of DCL for a drop resting on the patterned surface are illustrated in Fig. 1 . The post width and spacing are noted to be a and b, respectively.
For the real local solid-liquid contact fraction f real in the region of DCL, there are two statements. The most common expression of the local contact fraction is considered as a local area fraction (we call it solid area fraction f a ) of the liquid in contact with the solid (McHale, 2007; Panchagnula and Vedantam, 2007) . Note that for a uniformly patterned surface, the global solid area fraction equals the local solid area fraction in the region of DCL. Taking the square post arrays for example, the solid-liquid area fraction is equal to where a and b correspond to the parameters shown in Fig. 1 . On the other hand, as discussed by Extrand (2002) the local contact fraction is treated as a local linear fraction of the liquid in contact with the solid along the contact line (we call it solid linear fraction f l ), which is equal to
It is worth pointing out that the DCL on the superhydrophobic surface is not a simple three-phase contact line but is a three-phase contact zone contained with liquid-solid and liquid-air interfaces due to the drop suspension on the arrays of pillars and air (Dorrer and Ruehe, 2007) . Thus, the microgeometrical detail in the three-phase contact zone will be responsible for the CA values. The solid-liquid area fraction f a can be taken as the value of f real for the CA calculation only if the microgeometrical details (i.e., the length of a and b) are comparable to the three-phase contact zone which is considered to be on the order of the molecular dimensions (i.e., 10 −9 -10 −8 m) (Nosonovsky, 2007) . On the other hand, the solid-liquid linear fraction f l can be taken as the value of f real only if the microgeometrical details are much larger than the three-phase contact zone, and the DCL can be assumed to be a smooth line. As a result, for the length scale in micrometers, the real local solid-liquid contact fraction f real can be underestimated if the solid area fraction f a is used; on the contrary, the real solid-liquid contact fraction f real can also be overestimated if the solid linear fraction f l is used As experimentally demonstrated in Sec. 4, f real shows a value between f a and f l . In particular, it shows that by decreasing the scale of the microstructures while keeping f a and f l constant, f real is first close to f l and then decreases and approaches f a (see Sec. 4). In other words, for microgeometries with smaller scale, the real local solid-liquid contact fraction may be reflected more by the solid-liquid area fraction than solid-liquid linear fraction; see Figs. 1(a) and 1(b).
To determine the value of local receding CA at the solid-liquid contact part (θ s,rec ) in Eq. (6), a model of contact line retreating behavior is introduced in Fig. 2 , similar to the models illustrated by Extrand (2002) and Dorrer and Ruehe (2006) . One can see that the drop exhibits a local receding CA equal to that on a smooth surface (θ r0 ) when the contact line crosses the flat top of the post. As the drop volume is decreasing, the DCL retreats to the post edge, and then is pinned. Theoretically, the contact line cannot move until the same local receding CA (θ r ) on the side wall of the post is established. Extrand (2002) has ignored such pinning for composite states, and treated θ s,rec as a value equal to θ r0 .
To determine the value of local advancing CA at the solid-liquid contact part θ s,adv in Eq. (7), a model of the contact line advancing motion is shown in Fig. 3 , which is also similar to the models illustrated by Extrand (2002) and Dorrer and Ruehe (2006) . One can see that a drop exhibits a local advancing CA equal to that on a smooth surface (θ a0 ) when the contact line crosses the flat top of the post. As the drop volume is increasing, the contact line continues to spread and finally reaches the post edge. Then, the contact line will be pinned on the post edge. Theoretically,
FIG. 2:
An enlarged side view near the receding contact line of a drop suspended on the posts: 1-2: the DCL is retreating on the flat post top with a local receding CA equal to that exhibited on the smooth surface (θ r ); 3-4: the contact line is pinned on the edge; 5: a new contact point is formed on the nearest post after depinning happens at 4; 6: theoretical contact line movement with local receding CA (θ r0 ) on the side of the post, which will unlikely happen on a hydrophobic post with the solid edge angle Φ = 90
• .
FIG. 3:
An enlarged side view near the advancing contact line of a drop suspended on the posts: 1-2: the DCL is propagating on the flat post top with an advancing CA equal to that exhibited on the smooth surface (θ a ); 3-4: the contact line is pinned on the corner; 5: a new contact point is formed on the nearest post when the meniscus of 4: is oscillating around its equilibrium position; 6: theoretical contact line movement with advancing CA (θ a0 ) on the side of the post, which will unlikely happen on a hydrophobic post with solid edge angle Φ = 90
until a CA of 180
• is reached (Dorrer and Ruehe, 2006 ) the meniscus near the contact point could then touch the next post and form a new contact point. As a result, the local advancing CA at the solid-liquid contact part appears to be θ s,adv = 180
• , and so the apparent a dvancing CA (θ a ) from Eq. (7), no matter what f is, can be calculated to be 180
• . Based on the above analysis, Dorrer and Ruehe (2006) claimed that the advancing contact angles remain unaffected (θ a ∼ 180
• ) as the microgeometrical parameters (f a and S) vary. However, this may not be the truth because the meniscus will fluctuate about its equilibrium position, depending on the external energy transferred from the environment, e.g., mechanical vibrations (Decker et al., 1999; Li and Amirfazli, 2007; Meiron et al., 2004) . The drop may sense the nearest post and form a new contact point before θ s,adv reaches 180
• . Therefore, with certain external energy provided by the environment, the drops on surfaces with small post spacing can sense the nearest posts more easily than those on surfaces with large post spacing (for the same post width), indicating a smaller θ s,adv . However, θ s,adv cannot be theoretically determined, since the external energy from the environment is unknown. The above speculations will be demonstrated based on experimental results in Sec. 4.
EXPERIMENTAL METHODS
Experimental Design
Patterned surfaces with different post shapes, i.e., square, triangle, and circle, were designed. Figure 4 shows schematic depiction of repetitive unit cells for patterned surfaces with different microgeometries. Because the composite states are mainly investigated here, the solid area fraction f a is selected to be the controlled geometrical parameter rather than the roughness r. f a is defined as a
2 for square, triangle and circle post arrays, respectively. To reflect the microgeometrical scale (noted as S) for various microgeometrical shapes, the top surface area of an individual post is used as the indication. As a result, S is defined as a 2 1 , 0.43a 2 2 and 0.79a 2 3 for square, triangle and circle post arrays, respectively. To indicate the difference between different geometrical shapes, edge length density P , characterized by the edge length per unit area, is defined as 4a
and 3.14a 3 /(a 3 + b 3 ) 2 for square, triangle and circle post arrays, respectively Microgeometrical effects on wetting behavior can be understood through the comparisons of surface wettability when the above geometrical parameters are precisely controlled.
In order to investigate microgeometrical effects on wetting behavior, the sizes of surface microgeometrical parameters are carefully designed, and are given in Tables 1-3. For features in each table, f a and S for different microgeometries are kept constant. As a result, geometrical shape effect, e.g., the effect of P , could be shown by comparing 2 ) a, b, and h represent the post width, spacing, and height, respectively; f a , r w represent the solid area fraction and Wenzel's roughness, respectively; θ C and θ w represent the CAs from Cassie's and Wenzel's equations, respectively; P and S represent the edge length density and microgeometrical scale, respectively; θ Y is 111
• which is assumed to be the average of advancing and receding CAs on smooth surface Tables 1 and 3 . In addition, comparing features of Table 3  to features of Table 2 , f a is decreased while S is kept constant, so the post density effect could be shown by the wettability comparison between Tables 2 and 3. Note that two post heights 20 and 30 µm have been set, which are sufficient for drops to stay in the composite state as shown in Sec. 4.
Preparation of Patterned Silicon Substrates
All surface microgeometries described above are fabricated by lithography and reactive ion etching (RIE) techniques on pure silicon wafers covered by a 500 nm thick silicon dioxide layer, which is schematically shown in Fig. 5 . Firstly, patterns of designed shapes were transferred from a photomask (NanoFab, University of Alberta) to a silicon dioxide layer on 4-in. (100)-orientation silicon wafers (P/B-doped, resistivity from 1 to 35 Ω · cm, thickness 525 ± 25 µm, Silicon Valley Microelectronics, Inc.) by contact lithographic techniques (HPR 504 photoresist, ABM Mask Aligners) and reactive ion etching process (STS-RIE). The patterned silicon dioxide acted as a masking layer in the following Cryo process (Oxford ICP-RIE Cryo Etch), which produced an anisotropic etch in silicon. Etching depth or post height can be precisely controlled by etching time. When the etching process was complete, holes were drilled in the center of each pattern (1.5 cm × 1.5 cm) by diamond microdrills (MCDU30, diameter 0.762 mm, UKAM) to allow for mounting of a syringe below the surface to create a drop on top of the surface; see Fig. 6 . Then, the wafers were cleaned in de-ionized water, isopropanol, and acetone in sequence. In order to ensure chemical homogeneity of surfaces, the patterned silicon wafers were kept in thermal oxidation tube at 900
• C for 10 min to grow a 70-nm-thick silicon dioxide layers on the newly exposed silicon surfaces.
Surface Modification
The deposition cycle part of the Bosch process (Oxford Plasmalab ICP-RIE) was used to the modify surface chemical property. Using C 4 F 8 source gas, a chemically inert passivation layer (a substance similar to Teflon) was homoge-
FIG. 5:
A schematic illustration for the micromachining procedure on silicon wafers. The thermal oxidation process is to ensure the chemical homogeneity. neously coated on the patterned silicon surface. When the deposition time is set to be 90 s, a 60 nm thick polymer film can be detected.
Surface Characterization
Scanning electron microscopy (SEM-LEO 1430) and white light confocal microscopy (LCM-CSM 700) were applied to check the dimensions of the microgeometries. All the data are given in the Supporting Information (S1) at the end of this article. Feature sizes within 5% deviation from the ideal sizes shown in Tables 1-3 are accepted, since there is 7% system error during the micromachining and even in the dimensional measurement. The thickness of the C 4 F 8 passivation layer and the silicon dioxide layer can be detected by a contact profilometer (Alphastep 200) and Filmetrics Resist and Dielectric Thickness Mapping System, respectively.
Contact Angle Measurements
A custom-built apparatus (Antonini et al., 2009; Pierce et al., 2008) was used for measuring advancing and receding CAs for the quasi-static advancing and receding contact line. A clean syringe filled with the de-ionized water was mounted under the silicon wafer, with the tip position just underneath the top of the hole; see Fig. 6(b) . The syringe was driven by a motor at a rate of 0.5 µL/s for the advancing and receding CAs measurements by adding and removing the water from the drop, which is low enough that inertial effects are minor. Side (from various azimuthal angles; see Fig. 4 ) and top images of drops were recorded by two cameras. Drop image analysis programs were developed to determine the contact angles (Chini and Amirfazli, 2011) . Side images from azimuthal angles 0
• -170
• were used to generate the DCL shape. Note that it is impossible to capture the DCL from the top view when the contact angle is larger than 90
RESULTS AND DISCUSSION
The advancing (θ a0 ) and receding (θ r0 ) CAs as well as CAH for water on smooth silicon wafers are given in Table 4 . There are four kinds of surfaces for smooth silicon wafer, i.e., surfaces untreated (SWU), treated (SWT) by thermal oxidation and modified by C 4 F 8 passivation (SWU+C 4 F 8 and SWT+C 4 F 8 ). Note that the Young's CA can be approximated to be the average of advancing and receding CAs. Figure 7 shows the water drop images sitting on smooth SWT before and after surface modification. One can see that a hydrophilic surface can be modified to be hydrophobic effectively by C 4 F 8 passivation treatment. Figure 8 shows the SEM images of surfaces patterned with square, triangle, and circle post arrays. The dimensions of post width, spacing, and height measured by SEM and LCM are listed in the Supporting Information (S1). The results show that the designed microgeometrical structures with required dimensions described in Tables 1-3 have been successfully realized by the lithography and RIE technologies.
Wetting on Hydrophilic Patterned Surfaces
Wetting behavior on patterned surfaces before surface modification has been tested. Figure 9 (a) shows the side views of a water drop spreading on the square post arrays (Table 1 , post height = 20 µm) from an azimuthal angle of 0
• . It is clear from the images that a liquid film inside the surface microstructures propagates faster than the drop (liquid is added by the syringe at a rate of 0.5 µL/s). Attempts to measure the contact angles failed because the water drop would penetrate into the microstructures to form a liquid film and CA would decrease to 0
• . Bico et al. (2002) derived a criterion for such wetting phenomenon (they called it an intermediate between the ones for spreading and for imbibition),
In our case, the Young's CA (θ Y ) equals 34.3
• , the average of advancing and receding CAs on smooth surface) is smaller than the critical CA (θ Critical equals 70.3
• ) (from Table 1 , f a = 0.28, r = 2.42), and so the condition shown in Eq. (10) is satisfied. In particular, a rectangular spreading shape has been observed from the top views [ Figure 9(b) ]. Interestingly, the same rectangular spreading pattern has been seen on the other microgeometrical surfaces, regardless of the microgeometrical shapes, i.e., square, triangle, and circle post arrays (Tables 1-3 with post heights 20 and 30 µm). The results reveal that the spreading speed of liquid film on patterned surfaces with tetragonally arrayed posts along the x andy axes are slower than that along the diagonal directions regardless of what post shape it is. Dorrer and Ruhe (2008) have also observed a similar wetting phenomenon on hydrophilic square post arrays. Figure 10 shows that a water drop can sit on top of the posts for the patterned surface after surface modification. Light can penetrate through the post spacing underneath the drop, indicating air entrapment and a composite wetting state. 
Wetting on Hydrophobic Patterned Surfaces
CAs from Azimuthal Angle of Zero Degree
Comparison of variations of apparent drop advancing and receding CAs with respect to pattern types and geometrical parameters are shown in Fig. 11 , measured from 0
• azimuthal angle (original CA data have been given in Supporting Information S2) Student's t-test has been applied for the comparison of CA values discussed below. For microstructures with flat-top features, in the composite state (with penetration height zero), advancing and receding CAs should be the same for different post heights for the ideal case However, in our experiments, a difference appears for different post heights, though most CA values measured are shown to be very close to each other (see Fig. 11 and Supporting Information S2). Such results may be caused by a few practical aspects of the measurement of CA values on SHS. For example, CAs in our experiments are determined by drop image analysis programs (Chini and Amirfazli, 2011) . Large CA measurement could become difficult, since the region of the DCL will become more and more difficult to resolve with increasing CA (i.e., the meniscus will come very close to the surface before making contact at the DCL for drops with high CA) (Dorrer and Ruehe, 2006) . Also, the light penetration (see Fig. 10 ) underneath the drop on SHS can result in a blurred drop baseline. In particular, the larger the post height, the more light is likely to get through the drop baseline and the more difficulty is shown for determining the DCL and CA. Nevertheless, for a fixed post height, a comparison for trends in the CA data should still be possible, since the same trend is observed for different post height (see Fig. 11 ). As a result, only the CA data for microgeometries with post height 20 µm have been applied for analysis below.
Receding CA analysis. Comparing the apparent receding CAs on patterned surfaces with microgeometrical parameters given in Tables 1 (f a = 0.28, S = 256 µm 2 ) and 2 (f a = 0.28, S = 64 µm 2 ), a quite different wetting behavior can be observed though f a has been fixed; see Fig. 11(a) and Table S2-1. Taking the square post arrays for example, the apparent receding CA (θ r ) for the microtexture of Table 1 (θ r = 127.6, f real = 0.47, f l = 0.53, f a = 0.28, S = 256 µm 2 ) is much smaller than that for the microtexture of Table 2 (θ r = 136.0, f real = 0.34, f l = 0.53, f a = 0.28, S = 64 µm 2 ), showing a strong dependence on the scale S; note that f real is calculated by substituting θ r in Eq. (6) and given in Table S2 -1, and the local solid linear fraction f l for square post arrays is obtained from Eq. (9). The same phenomenon can be observed in Dorrer's data (Dorrer and Ruehe, 2006) : For the patterned surfaces with the same f l and f a , the apparent receding CA will increase (so the real local contact fraction f real will decrease) dramatically when the microgeometrical scale S decreases. In particular, it is found that the value of f real is always between f l and f a . When S decreases, f real decreases from a value close to f l to a value close to f a . In order to better understand the dependence of f real on S, it is useful to establish a theoretical relationship between them. Based on the experimental data of apparent receding CAs from our work and Dorrer's (Dorrer and Ruehe, 2006) we propose a phenomenological correlation as where S is the microgeometrical scale and A (µm 2 ) is a fitting parameter. Combining Eqs. (6) and (11), a theoretical relationship between the apparent receding CA (θ r ) and microgeometrical scale (S) can be established. Figure 12 shows the experimental apparent receding CA data and the fitting curve described by Eqs. (6) and (11). Note that a unique fitting parameter A can be calculated by the least-squares method. As seen, the fitting curves for the receding CAs describe the experimental data very well. Therefore, a quantitative correlation between the apparent receding CA and the microgeometrical scale has been successfully established. It is worth pointing out that from Eq. (11), a maximum receding CA can be reached when S approaches 0 (f real approaches (f a ), i.e., a small S is favored for water-repellent rough surfaces. This may be one of the reasons that a needlelike structure (Li and Amirfazli, 2008 ) is usually preferred for constructing SHS.
Comparing with the f real values (calculated from the experimental data θ r ; see Table S2 -1) for surfaces of Tables 1  and 2 (f a = 0.28, f l = 0.53), the f real for surfaces of Table 3 (f a = 0.071, f l = 0.27) own a much smaller value (see
FIG. 12:
The comparison between the experimental apparent receding CA data and theoretically predicted apparent receding CAs for square post arrays. Note that the experimental data noted by symbol * is from Dorrer's experiment (Dorrer and Ruehe, 2006) . Supporting Information S2). Based on Eq. (11), such phenomenon can be attributed to the great decrease of both local solid area (f a = 0.071) and local solid linear (f l = 0.27) fractions.
In addition, for surfaces with different microgeometrical shapes (i.e., square, triangle and circle) but the same f a and S values, minor differences have been shown for the receding CAs. From Eq. (11), we can attribute the minor difference to the different solid linear fraction f l for varied post shapes. For drops on triangle and circle post arrays, determination of the value of f l needs further information of a detailed DCL profile.
Advancing CA analysis. Unlike the apparent receding CA, the apparent advancing CA is difficult to be predicted by Eqs. (7) and (11), since the local advancing CA (θ s,adv ) in Eq. (7) at the solid-liquid contact part cannot be theoretically determined as discussed in Sec. 2.2. However, based on the experimental apparent advancing CA results, θ s,adv can be calculated by Eq. (7) for all the patterned surfaces; see Table S2 -1 Note that f real in Eq. (7) at the advancing DCL is assumed to be equal to that at the receding DCL for axisymmetric post shapes. By comparing θ s,adv between patterned surfaces with various microgeometrical parameters, the edge pinning effect for the advancing contact line at the microgeometrical edge can be revealed. For example, comparing θ s,adv for square post arrays of Table 2 (θ s,adv = 162.8
• , a = 8 µm, b = 7 µm, h = 20 µm) and Table 3 (θ s,adv = 167 • , a = 8 µm, b = 22 µm, h = 20 µm), it can be seen that θ s,adv shows a smaller value for the one with small post spacing (surface of Table 2) than that with large post spacing (surface of Table 3 ). This is consistent with the speculations for the pinning property of advancing contact line discussed in Sec. 2.2; i.e., for the same post width, small post spacing can induce a smaller θ s,adv . Interestingly, the same trend can be found for triangle and circle post arrays, respectively (see Table S2 -1). Figure 13 shows variations of CAH with respect to microgeometrical shapes and geometrical parameters corresponding to Tables 1-3. Because CAH is the result of the difference of θ a and θ r , there is a direct relation between the variations of CAH and variations of θ a and θ r . Due to the much less pronounced variation of θ a compared to variation of θ r , CAH shows a very similar trend to θ r .
CAs from Other Azimuthal Angles
It is noted that even on the same patterned surface, the wettability is different from different azimuthal angles (see Fig. 4 ). For square and circle post arrays, the same post and plane symmetries can be seen from azimuthal angles 0
• and 90
• , respectively; different post and plane symmetries can be seen from azimuthal angles 0 • and 45
• for square; the same post symmetry but different plane symmetry can be seen from azimuthal angles 0
• and 45
• for circle post arrays. • , which will not be investigated. Though the post and plane are still asymmetric from an azimuthal angle of 90 • , some interesting wetting phenomena could be observed from this direction (see below). Therefore, CAs are measured from 0
• for triangle post arrays.
To make our explanation easily understandable, schematic illustrations of two columns of square post arrays as well as the DCL pinned at the rear post edge from the two azimuthal angles are shown in Fig. 14 . Similar to the analysis in Sec. 4.2.1, the apparent receding CA can be determined by the real local solid-liquid contact fraction f real which is related to f a , f l and S [Eqs. (6) and (11)]. For square post arrays observed from 0
• they have the same f a and S which is independent on the azimuthal angles. However, by a simple geometrical analysis in Fig. 14 f l (as well as f real ) at the receding DCL from azimuthal angle 45
• will be smaller than that from azimuthal angle 0
• leading to a larger receding CA from azimuthal angle 45
• than that from azimuthal angle 0
• . This is demonstrated by the experimental results in Table 5 , which shows the CA results measured from various azimuthal angles. One can see that for square post arrays, there is a large increase of receding CAs when the azimuthal angle changes from 0
• to 45
• . In addition, the local advancing CA in the solid-liquid contact part (θ s,adv ) can be calculated from Eq. (7) based on the measured advancing and receding CAs; see Fig. 15 . Receding CA is estimated to be larger from azimuthal angle 45
• than that from 0 • , attributing to the decreased f l and f real (similar to the above analysis for square post arrays). This is also demonstrated by the experimental results in Table 5 , which shows that the receding CA from azimuthal angle 45
• is larger than that from 0
• . In addition, the local advancing CA θ s,adv for circle post arrays observed from 45
• (θ s,adv = 163.9
• ) is calculated to be smaller than that • (=3.21 µm) than that from 0
The wetting behavior becomes more complex for triangle post arrays when it is observed from 90
• . Since the drop DCL of the left side and right side have different wetting conditions (Fig. 16 ) the advancing and receding CAs should be measured separately for the two sides. From Table 5 , it is noted that the receding CA for the left side is larger than that for the right side when it is observed from 90
• . This happens because f l and f real (similar to the above analysis for square post arrays) at the receding DCL for the left side (L4) are smaller than that for the right side (L1). For the local advancing CA θ s,adv can be calculated based on the measured advancing and receding CAs. One can see that θ s,adv (172.9 • ) on the right side is larger than that on the left side (168.3 • ). This may be attributed to a weaker depinning point for the advancing DCL on the right side (L3) than that on the left side (L6); see Fig. 16 .
CONCLUSIONS
In this study, patterned surfaces with three microgeometry arrays (square, triangle, and circle) have been obtained by micro/nanofabrication techniques. Wetting behavior of water drops on those surfaces has been systematically investigated. An intermediate wetting state between spreading and imbibition has been observed on microstructured hydrophilic silicon surfaces. After surface modification by C 4 F 8 passivation, water drops can sit on top of the microgeometrical posts and show superhydrophobicity. Several important effects of microgeometries on the wetting behavior have been discussed, i.e., microgeometrical scale effect, edge and corner pinning effect, geometrical shape effect, direction-dependent effect, etc. In particular, it is found that the receding CA is between the CAs calculated by solid area fraction and solid linear fraction, depending on the microgeometrical scale. In addition, CA results from different azimuthal angles reveal that wettability has a strong dependence on the orientation. For one patterned surface, the difference of edge/corner pinning effect in different directions can influence the receding CAs greatly. Furthermore, drops can even exhibit anisotropic wetting property from one azimuthal angle, depending on the microgeometrical shape, e.g., triangle post arrays. By designing the microgeometries on the patterned surfaces, a tunable wettability or a controlled drop wetting behavior can be achieved.
SUPPORTING INFORMATION
S1. Feature Size Measurement
Feature sizes were measured by scanning electron microscopy (SEM) and white light confocal microscopy (LCM) for the microgeometries of Tables 1-3. Note that there are two cases in experimental process for each needed size, i.e., one is set to be a value the same as the ideal size and the other is set to be a value about 7% larger than the ideal size during L-edit design. The results show that the latter one with sizes 7% larger can finally get results approximate to the ideal sizes we need after lithography and reactive ion etching Detailed information is given in Tables S1-1 to S1-9. 
